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Abstract 
 
Caveolae, invaginated lipid rafts, orchestrate signalling in the cardiac myocyte. Here we highlight advances 
in the field which are relevant to the role of caveolae in these cells. Recent analysis of the molecular 
organisation and structure of the coat complex, which lines the internal surface of caveolae, suggest a stable 
inner caveolin layer covered with a filamentous cavin network. Ubiquitous caveolin 1 (Cav1) and muscle-
specific Cav3 are expressed, and functionally relevant, in the cardiac cell. Caveolin acts as a constitutive brake 
on a number of signalling proteins (e.g. endothelial nitric oxide synthase, eNOS) in the myocyte, but the 
molecular basis of these interactions has been questioned. The position of cavins within the coat confers a 
lability to these proteins and this is supported by data showing cavin detachment from caveolae with osmotic 
stress in non-ĐĂƌĚŝĂĐĐĞůůƐ ?ĂŶĚĐĂǀŝŶƚƌĂŶƐůŽĐĂƚŝŽŶƚŽĐĂǀĞŽůĂĞŝŶƌĞƐƉŽŶƐĞƚŽɴ-adrenoceptor signalling in 
cardiac cells. The protection that caveolae and/or caveolin provide against ischaemia-reperfusion injury, 
together with evidence that Cav3 overexpression can reverse some characteristics of the failing myocyte, 
suggest that these structures are a potential target of cardiac disease treatments in the future. 
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1. Introduction 
Caveolae are small membrane invaginations, 50-100 nm in diameter, found in almost every cell in the body. 
They are a specialised form of lipid raft, liquid-ordered domains enriched in cholesterol and sphingolipids, 
characterised by the presence of caveolin and cavin proteins. Caveolae have been assigned many roles: as 
signalling platforms, in endocytosis and transcytosis, in membrane lipid homeostasis and in the sensing and 
buffering of mechanical membrane stress (see [1] for a recent review).  
Within the heart, caveolae are present within all cells that make up the myocardium - the cardiac myocyte, 
fibroblast, vascular smooth muscle cell and endothelial cell. The contribution of caveolae to a myriad of 
cellular processes within all these cells has been clearly demonstrated. In this review, we will focus on the 
role of caveolae in the cardiac myocyte; our aim is to highlight some of the recent developments and areas 
of controversy which are relevant to these cells. 
2. Caveolar proteins 
2.1 Caveolins 
In 1992, the identification of caveolin as a component of the cytoplasmic coat of caveolae [2] marked the 
start of intense research in the field. Caveolins are small integral membrane proteins (Fig. 1) which 
oligomerise within the endoplasmic reticulum before being trafficked to the plasma membrane, see [3]. 
Ubiquitously-expressed Cav1 and muscle-specific Cav3 are essential for caveolae formation in non-muscle 
and muscle cells respectively. Understandably, the muscle-specific Cav3 has been the focus of work in the 
cardiac myocyte. However Cav1 is also expressed in these cells [4-7] and a defined role for this isoform is 
emerging (see Section 5.1).  
Caveolin has three C-terminal palmitoylation sites which are required to direct caveolin to rafts and stabilise 
caveolin oligomers [8;9]. At the N-terminus, a membrane-proximal sequence of 20 residues, the caveolin 
scaffolding domain (CSD), has been assigned a crucial role in caveolin-protein interactions (see Fig. 1A). In 
the seminal work of Couet et al. [10] a fusion protein containing the CSD was used to select interacting 
peptide ligands from a phage display library. The peptides identified were enriched in aromatic amino acids 
with a characteristic spacing (ɌyɌyyyyɌŽƌɌyyyyɌyyɌ ?ǁŚĞƌĞɌŝƐĂŶĂƌŽŵĂƚŝĐĂŵŝŶŽĂĐŝĚĂŶĚyĂŶǇ
amino acid), subsequently named the caveolin binding motif (CBM). This work formed the basis of a concept 
which dominated the field for 2 decades  that caveolin binds via its CSD to a corresponding CBM in its 
protein partners. The interaction was thought to exert inhibitory influences on protein activity (to use eNOS 
as an example, see Section 3.2), meaning that caveolin acts as a constitutive brake.  However the tenet of 
CSD-CBM interaction has recently been questioned (see Section 3.1).  
Given that the cardiac myocyte expresses both Cav1 and Cav3, and that both have been assigned functional 
roles, it is worth noting similarities and differences between these isoforms.  The CSD of Cav1 and Cav3 (but 
not Cav2) show comparable interactions with CBM sequences [10], however Cav3 lacks the N terminal Tyr14 
phosphorylation site of Cav1 which is important in cardioprotection [6], see Section 5.2.  
Cav3 is found throughout surface and t-tubular membranes in the cardiac cell [11;12], but whether t-tubular 
Cav3 is associated with morphologically identifiable caveolae or simply serves as a protein scaffold is a point 
of debate. One reason for this uncertainty is the difficulty in imaging t-tubular caveolae using 2D methods. 
However, the recent advent of high resolution 3D imaging modalities such as STED (Z-stack) and EM 
tomography has enabled the visualisation of caveolae-like structures within t-tubular membranes in both 
mouse and rabbit myocytes [13;14]. Where present in t-tubules, it makes sense that caveolae are excluded 
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from dyadic couplings in order to retain the close proximity between the L-type Ca2+ channel (LTCC) and 
RyR2. This is supported by super-resolution imaging (dSTORM) showing minimal co-localisation of Cav3 and 
RyR2 in surface or t-tubular membranes [12]. Nevertheless, some recent models of Cav3 regulation of LTCC 
place a proportion of Cav3 within the dyad in a scaffolding role [15], see Section 3.2.  
2.2 Cavins 
The discovery of cavins as additional caveolar resident proteins in 2005 [16] has transformed the field in 
recent years. Cavins 1-3 are broadly expressed, whereas cavin 4 is the muscle-specific isoform. All 4 cavin 
isoforms are present in caveolae-containing fractions of the cardiac myocyte [17].  The importance of cavins 
for normal cardiac function is highlighted by data showing diseases associated with cavin mutations. For 
example, a group of 12 patients homozygous for mutations in cavin 1 with generalised lipodystrophy and 
muscle weakness displayed arrhythmia that resulted in sudden cardiac death in teenage years in two of the 
cohort [18]. Mutations in cavin 4 are associated with dilated cardiomyopathy characterised by progressive 
heart failure and cardiac arrhythmia, see Section 5.2 [19;20].  
Cavin 1 plays a pivotal role in caveolae formation throughout the body. In the heart, the absence of cavin 1 
leads to reduced myocardial expression of all caveolins [21;22], cavin 2 [21;22] and cavins 3/4 [22] and a loss 
of myocyte caveolae [22]. By contrast, cavin 2, 3 and 4 are not essential for caveolae formation or expression 
of caveolins/cavins [23;24], although cavin 4 stabilises Cav3 at the membrane [25].  The profound impact of 
cavin 1 deficiency places this isoform centre-stage in the field, and explains why mutations in cavin 1 (see 
above) mimic the impact of mutations in Cav1 (lipodystrophy) and Cav3 (myopathy). However, these findings 
also highlight the limitations of the cavin 1 KO mouse as a model for selectively determining the cavin 1 role 
within the caveola.  
All cavins share common structural characteristics: 2 basic (coiled-coil) helical regions (HR) flanked by acidic 
disordered regions (Fig. 1D) [26]. Cavins require caveolin expression to direct them to the membrane [21]. 
However, with the exception of cavin 3 [27], they do not bind directly to caveolin and are tethered to the 
membrane through interaction with membrane lipids. The basic patches within HR1 and HR2 mediate 
interaction with phosphatidylinositol bisphosphate (PIP2) and phosphatidylserine (PS) respectively [26]. All 
cavin isoforms interact with each other (apart from cavin 2 and 3) via the HR1 [24;26]. For cavins 1-3, this 
interaction has been shown to form the basic homo-or heterotrimeric cavin unit [28] (as depicted in Fig. 1D). 
2.3 The caveolar coat complex 
Caveolae are lined with caveolin and cavin proteins. Last year the architecture of this caveolar coat complex, 
was described in some detail by two independent groups, using human (non-cardiac) cell lines [29;30](see 
Fig. 1). Ludwig et al. crosslinked the 80S caveolar coat complex in situ to preserve its integrity, and visualised 
this by negative-stain EM and 3D cryo-electron tomography. The complex appeared as a hollow sphere of 
the same size and shape of a caveola, with an inner (caveolin) and outer (cavin) layer, and often adopted a 
polyhedral (rather than rounded) profile [29]. Stoeber et al. visualised 8S Cav1 oligomers as discs around 15-
17 nm wide and 5 nm thick, each of which could occupy a face of the polyhedral structure [30].  Interestingly, 
these 8S complexes are of similar dimensions to the flat doughnut-like structure of the Cav3 nonomer 
isolated from insect cells by the Kitmitto group [31] (Fig. 1B).  
When isolated separately, the 60S cavin coat was detected as a filamentous mesh which formed a polyhedral 
lattice when incubated with liposomes containing PS [30]. In the intact coat, cavin filaments aligned with the 
edges of the caveolin polyhedral cage [29] (Fig. 1C). Details of the molecular arrangement of cavins within 
the outer coat have been gleaned, in part, by its dissociation by osmotic stress (see Section 4.2)[28]. Each 
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cavin trimer contains two cavin 1 molecules with one of either cavin 1, 2 or 3 (Fig. 1D). The cavin net is 
formed from lateral and end-to-end connections between cavin trimers; the HR2 domain is important for 
this [26;30].  
This concept of the integral membrane caveolin coat, surrounded by a cavin nano-net held in place by 
interaction with membrane lipids, is consistent with the relative stability of caveolins and lability of cavins 
within caveolae (see Section 4.3).  Of note, although some structural information is available for Cav3 
complexes, none of the work on the caveolar coat has been done in muscle cells and integration of cavin 4 
in the coat complex has yet to be addressed.  
2.4. Caveolar neck proteins 
Caveolins and cavins surround the caveolar bulb, but an entirely different group of proteins cluster in the 
caveolar neck region. Neck proteins, including the ATPases dynamin and EH domain containing 2 (EHD2), 
control the dynamics of membrane invagination [32;33] (Fig. 1). 
3. Caveolae as cardiac signalling platforms 
3.1 Models of caveolar control of signalling 
For more than 2 decades, the concept that compartmentalisation of signalling molecules and their targets 
within caveolae could promote the efficiency and fidelity of signalling has underpinned research in this field. 
An important element of this is the regulatory interaction between the CSD of caveolin and the 
complementary CBM of its binding partners (see Section 2.1). However, in 2012, two papers were published 
which capitalised on developments in bioinformatics and protein structure to cast doubt on the importance 
of CSD-CBM interactions. These concerns are based on the diverse structural characteristics of the CBM and 
its inaccessibility within the 3D protein structure [34;35]. In support of this, we have recently shown a poor 
enrichment of CBM-containing proteins in the caveolar fraction of the cardiac cell: only 45% of caveolar 
proteins contain a CBM versus 37% of proteins in the human proteome [17]. The concept that caveolin may 
interact with proteins indirectly, or through domains other than the CSD, is an important consideration for 
future work. Furthermore, it has implications for some of the commonly used tools in this field which are 
based on targeting the CSD or CBM (see Section 3.2). 
Given uncertainties about the nature of caveolin-protein interactions, it is interesting to consider a totally 
different perspective on caveolar control: that caveolae (as a lipid storage centre) regulate signalling through 
modulation of membrane lipid composition and distribution [36]. Using mouse embryonic fibroblasts and 
baby hamster kidney (BHK) cells, Parton and co-workers showed that Cav1 knockdown changed membrane 
lipid composition and PS organisation in the inner leaflet of the membrane and had disparate consequences 
for clustering of H- and K-Ras proteins. Other means of disrupting caveolae (depletion of cavin 1, osmotic 
stress) had identical effects on Ras clustering, suggesting that it was the loss of caveolae that was responsible 
for altered Ras organisation in the membrane. This lipid-centric view of caveolar control has implications for 
cavin interaction with the membrane, which is mediated by lipids including PS (see Section 2.2), and is 
relevant to the response of caveolae to mechanical stimuli which can disrupt the caveolar structure (see 
Section 4).  
3.2 Key signalling pathways regulated by caveolae 
Despite some controversy regarding the mechanisms by which caveolae regulate signalling, there is clear 
evidence for their involvement in a number of key pathways relevant to cardiac function and disease. Here 
ǁĞǁŝůůĨŽĐƵƐŽŶƌĞĐĞŶƚĚĞǀĞůŽƉŵĞŶƚƐƌĞŐĂƌĚŝŶŐŶŝƚƌŝĐŽǆŝĚĞ ?EK ZĂŶĚɴ-ĂĚƌĞŶŽĐĞƉƚŽƌƐ ?ɴZ Z ? 
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eNOS is the main constitutively expressed NOS in the cardiac cell and its activity is exquisitely dependent on 
caveolae. It is directed to the caveolar domain through acylation, and binding of either Cav1 or Cav3 isoforms 
maintains the enzyme in an inactive state, see [37]. Recent work revealed NO-dependent enhancement of 
diastolic stiffness and the Frank-Starling response in ex-vivo hearts from cavin 1 null mice [38]. Consistent 
with other work [21;22], these mice showed reduced expression of Cav1 and Cav3 and a loss of myocyte 
caveolae, and the impact on function was ascribed to loss of NOS-inhibitory Cav1/3 [38]. This study highlights 
an additional limitation of the global cavin 1 KO mouse for the study of the role of cavin 1 in the heart (see 
Section 2.2): reduced expression of Cav in endothelial cells will also have NO-dependent consequences for 
vascular function (e.g. vasodilation) which may impact on cardiac function indirectly.  
ĂǀĞŽůĂƌĐŽŶƚƌŽůŽĨɴZƐŝŐŶĂůůŝŶŐ ŝƐǁĞůůĞƐƚĂďůŝƐŚĞĚ ?ƐĞĞ,ĂƌǀĞǇ  ?ĂůĂŐŚĂŶĨŽƌĂƌĞĐĞŶƚƌĞǀŝĞǁ[39]. In 
general, the intact caveolar domain restrains inotropic and lusitropic responses to sub-ŵĂǆŝŵĂů ɴ ?Z
stimulation by inhibitory influences (perhaps through adenylyl cyclase) on both the LTCC and 
phospholamban [40] ?&Žƌɴ ?Z ?ĐĂǀĞŽůĂĞĂŶĚ ?ŽƌĂǀ ?ĂƌĞŝŵƉŽƌƚĂŶƚĨŽƌĐŽŶĨŝŶŝ ŐƚŚĞɴ ?ZƐŝŐŶĂůƚŽƚŚĞ
membrane and restricting its impact on sarcoplasmic reticulum [41] and myofilament [42] proteins through 
'ɲŝ- and phosphodiesterase-dependent mechanisms respectively.   
/ĨǁĞůŽŽŬŝŶŵŽƌĞĚĞƚĂŝůĂƚƚŚĞŝŵƉĂĐƚŽĨĂǀ ?ŽŶ>dƐ ?ƚŚĞƌĞŝƐĐůĞĂƌĞǀŝĚĞŶĐĞĨŽƌŝƚƐƌŽůĞŝŶɴ ?Z ?ďƵƚŶŽƚ
ɴ ?Z ? ƌĞŐƵůĂƚŝŽŶŽĨ ƚŚĞĐŚĂŶŶĞů ?ƉƌŽƉŽƌƚŝŽŶŽĨ>dĂƌĞĨŽƵŶĚ in Cav3-containing domains which may 
include surface caveolae [43] and Cav3 scaffolds within, or close to, junctional dyads [15]. The LTCC-Cav3 
interaction is supported by immunoprecipitation data, which suggest that 25-50% of LTCCs are bound to 
Cav3 [15;44]. Although this subpopulation of Cav3-associated channels have been shown to be selectively 
phosphorylated at Ser1928 ĨŽůůŽǁŝŶŐɴ ?ZƐƚŝŵƵůĂƚŝŽŶ[15], the functional relevance of phosphorylation at 
this site has been questioned [45]. Other work has shown that an LTCC blocker directed to caveolae-
containing fractions (Rem-D ZŚĂƐŶŽŝŵƉĂĐƚŽŶɴ ?ZƐƚŝŵƵůĂƚŝŽŶŽĨƚŚĞ>ƚǇƉĞĂ2+ current [44]. For the 
ɴ ?Z ƌĞƐƉŽŶƐĞ ? ƚŚĞƌĞ ŝƐ ŵŽƌĞ ĂŐƌĞĞŵĞŶƚ ? dŚĞ ZĞŵ-D ŵŽůĞĐƵůĞ ŝŶŚŝďŝƚƐ ɴ ?Z ƐƚŝŵƵůĂƚŝŽŶ ŽĨ ƚŚĞ Ă2+ 
current [44;46]. This fits nicely with data from Bryant et al. showing that a CSD peptide used to disrupt Cav 
binding limits protein kinase A-dependent activation of the Ca2+ ĐƵƌƌĞŶƚďǇɴ ?Z[47]. Together these data 
ƐƵŐŐĞƐƚ ƚŚĂƚ ɴ ?Z ƐƚŝŵƵůĂƚŝŽŶ ŽĨ >d ǁŝƚŚŝŶ ƚhe t-tubules requires Cav3. Cav3 also dictates the normal 
ƐƉĂƚŝĂů ƌĞƐƚƌŝĐƚŝŽŶŽĨ ƚŚĞ ɴ ?Z ƐŝŐŶĂů ŝŶ ƚŚĞ ƚ-tubule, as demonstrated by adenoviral overexpression of a 
dominant negative Cav3 [48].  
ĂǀĞŽůĂĞƌĞŐƵůĂƚĞɴZƐŝŐŶĂůůŝŶŐĂŶĚ ?ŝŶƚƵƌŶ ?ɴZƐŝŐŶĂůůŝŶŐcan affect caveolae through cavin proteins. All 
cavins have multiple phosphorylation sites which map primarily, but not exclusively, to the disordered 
regions [26] ? /Ŷ ƚŚĞ ŵƵƌŝŶĞ ŚĞĂƌƚ ? Ă ƉŚŽƐƉŚŽƉƌŽƚĞŽŵŝĐ ƐĐƌĞĞŶ ƐŚŽǁĞĚ ƚŚĂƚ ɴZ ƐƚŝŵƵůĂƚŝŽŶ ƌĞƐƵůƚƐ ŝŶ
phosphorylation of all cavin isoforms. Sites include Ser118, Ser122, Ser97 in cavin 1, 2 and 4 respectively, which 
lie within PKA consensus phosphorylation sites in HR1. Phosphorylation of cavins within the HR1 region 
responsible for cavin trimerisation may alter the formation of cavin trimers and the cavin coat, with 
ŝŵƉůŝĐĂƚŝŽŶƐĨŽƌĐĂǀĞŽůĂƌƐƚƌƵĐƚƵƌĞĂŶĚƐŝŐŶĂůůŝŶŐ ?/ŶĚĞĞĚ ?ǁĞƌĞĐĞŶƚůǇƐŚŽǁĞĚƚŚĂƚɴ ?ĂŶĚɴ ?ZƐƚŝŵƵůĂƚŝŽŶ
promote translocation of cavin 1 to caveolae in the cardiac cell [17]; it is tempting to speculate that cavin 
phosphorylation could mediate this redistribution. In broad terms these data fit with the established lability 
of the cavin proteins within the caveolar coat (Section 4.3).   
3.3 Caveolar subpopulations 
Evidence from non-cardiac cells suggests that caveolae exist as multiple subpopulations defined by 
cholesterol, Cav isoform, signal effector and target content [49-51]. Whether cavin isoforms characterise 
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separate caveolar populations is unclear; cavin 2 and 3 are excluded from the same trimer but they are still 
found within the same caveola [28]. We have recently identified 249 high-confidence caveolar resident 
proteins within the cardiac myocyte which supports the concept of caveolae subpopulations; each caveola 
is not large enough to accommodate all caveolar proteins [17]. 
4. Caveolae in response to mechanical stimuli 
The cardiac myocyte is repeatedly exposed to both internal and external forces and must be able to 
withstand and respond to these stimuli. One structure which contributes to both of these roles is the caveola.  
4.1 Membrane protection 
The lipid bilayer can only increase by around 3% in area before rupture [52], therefore membrane reserves 
are essential in the cardiac myocyte which is subjected to significant degrees of stretch in the physiological 
and pathological setting. Caveolae in the cardiac myocyte flatten in response to hyposmotic swelling and 
mechanical stretch [4;53] and this can offer a significant degree of protection from rupture, see [54].  
4.2 Mechanosensation and mechanotransduction 
There are several ways in which caveolae can contribute to the sensing and transduction of mechanical 
stimuli in the cardiac cell: as buffers of membrane tension, regulators of membrane lipid composition and 
as signalling platforms.  
As a membrane reserve, caveolae buffer increases in membrane tension in response to mechanical stimuli, 
as demonstrated directly in endothelial cells [54]. This, in turn, has consequences for mechanosensitive 
proteins (particularly ion channels) which are gated by membrane tension. Indeed, in cardiac cells, disruption 
of caveolae enhances indices of the mechanosensitive swelling-activated chloride current (ICl,swell) activation 
by hyposmotic stress [4]. The flattening of caveolae may also transduce mechanical stimuli through changes 
in membrane lipids, see Section 3.1.  
Integrins are mechanotransductive proteins which are found in caveolae [17] and bind to Cav3 [55]. Cav3 is 
ƌĞƋƵŝƌĞĚĨŽƌƚŚĞĂĐƚŝǀĂƚŝŽŶŽĨŝŶƚĞŐƌŝŶɴ ?ŝŶĐĂǀeolar fractions, and (neonatal) myocytes depleted of Cav3 
show impaired downstream integrin signalling [55]. Together this evidence supports a role for caveolae as a 
platform for integrin-dependent mechanotransduction. In this context it is interesting to consider how 
integrins within the caveolar bulb may have restricted access to their extracellular matrix ligands (see [17]). 
Another recent example of caveolae as a platform that integrates mechanotransductive signalling comes 
from proteomic approaches to ŝĚĞŶƚŝĨǇƚĂƌŐĞƚƐŽĨƉƌŽƚĞŝŶŬŝŶĂƐĞ' ?ɲĨŽůůŽǁŝŶŐƐƚƌĞƚĐŚŽĨƚŚĞŵŽƵƐĞŚĞĂƌƚ ?
One target of relevance here is cavin 1 which is phosphorylated at two sites, Ser302, Thr304 [56]. Both sites lie 
within disordered regions thus the impact on cavin coat formation is more difficult to predict than for PKA-
dependent phosphorylation discussed above (Section 3.2).   
4.3 Stretch and the caveolar coat complex 
Recent descriptions of the caveolar coat complex suggest that the outer filamentous cavin coat may be more 
labile than the inner caveolin complex, and this concept is supported by data showing the impact of stretch.  
Cavins 1-3 dissociate from caveolae in Madin Darby canine kidney (MDCK) and HeLa cells in response to 
severe hyposmotic stress (0.1 tonicity, T) [28;54] but the loss of cavin 1 was greater than that of Cav1 [54]. 
There are no data on cavin dissociation in the cardiac cell with swelling, but neither Cav1 nor Cav3 membrane 
distribution changes in the myocyte in response to a moderate hyposmotic challenge (0.64T) [4]. This year, 
super-resolution (STORM) microscopy was used to show that hyposmotic stress (0.5T) flattens the caveolar 
domain without ƌĞůĞĂƐĞŽĨĂǀ ?ŽƌŽƚŚĞƌƐŝŐŶĂůůŝŶŐŵŽůĞĐƵůĞƐ  ?'ɲƋ Z ŝŶǀĂƐĐƵůĂƌƐŵŽŽƚŚŵƵƐĐůĞĐĞůůƐ[57]. 
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Yang & Scarlata concluded that caveolar domains are very strong, and that functional consequences of 
hypŽƐŵŽƚŝĐƐƚƌĞƐƐĨŽƌɴ ?Z-'ɲƋŝŶĚƵĐĞĚĂ2+ release from intracellular stores arose from loss of protein-
protein interaction through flattening of the caveolar domain.  
In the cardiac cell, swelling occurs during ischaemia when metabolites accumulate within the myocyte, and 
is exacerbated on reperfusion when the hyperosmotic extracellular milieu is exchanged for blood with 
normal osmolarity. The degree of osmotic stress (which varies from 0.64T to 0.1T in the studies described 
above) is an important factor to be taken into account when considering the physiological relevance of 
findings and the relative lability of cavin/Cav proteins between cell types.  
5. Caveolae and cardiac disease 
Caveolae have been linked with a range of cardiovascular diseases including arrhythmia, ischaemic heart 
disease, hypertrophy and heart failure. Here we will focus on recent developments regarding the role of 
caveolae in ischaemia and heart failure. 
5.1 Ischaemia 
Ischaemia-reperfusion (IR) injury is a major cause of cardiac morbidity and mortality [58]. Caveolae protect 
against membrane rupture during cell swelling associated with reperfusion (Section 4.1), and 
caveolae/caveolin play important roles in pre- and post-conditioning (preC, postC) which limit IR damage. In 
broad terms, Cav1 and 3 are lost from caveolae following IR [59] and preC and postC stimuli enhance the 
number of myocyte caveolae [6;60;61]. This area of cardiac research is one where evidence supports a 
significant role for both Cav1 and Cav3 isoforms. For example, Cav1 restrains the intracellular activity of 
matrix metalloproteases (MMP2), and Cav1 loss following IR may contribute to MMP2-dependent 
proteolysis [62]. Membrane Cav1 expression increases following helium treatment, used to mimic the 
anaesthetic preC stimulus [63], and anaesthetic preC activates the cardioprotective tyrosine kinase src which 
phosphorylates Cav1 at Tyr14 [6]. Cav1-/- mice are resistant to anaesthetic preC [6]. These are exciting data 
but, as much of the biochemistry from global Cav1 KO mice is performed on myocardial preparations (which 
contain cells besides the cardiac myocyte), effects on cells other than the cardiac myocyte must be 
considered in some contexts.  
Cav3 is also required for preC and its overexpression in isolated myocytes mimics ischaemic preC [60]. 
Elegant work from the Patel group has shown that Cav3 translocates from sarcolemmal caveolae to the inner 
membrane of closely apposed mitochondria following preC. Cardiac myocyte-specific Cav3 overexpression 
evokes protection from IR damage and this effect could be replicated using an adeno-associated virus 
engineered to express Cav3 selectively in the inner mitochondrial membrane [64]. Mitochondrial-targeted 
Cav3 overexpression improves mitochondrial Ca2+ tolerance and promotes more efficient function of 
complexes I, II and IV [64]. Furthermore, myocyte-specific Cav3 overexpression limits mitochondrial 
superoxide generation consistent with a tighter coupling of complex I [64]. Electron paramagnetic resonance 
with phospholipid spin probes indicated a reduction in membrane fluidity in mitochondria with higher levels 
of Cav3 which may contribute to improved mitochondrial function [64]. Recently cardioprotective ERK1/2 
signalling has also been shown to be directed from caveolae to mitochondria as part of a postC response, 
and this process was lost when caveolae were disrupted [61]. 
Another element of protection from IR damage relates to autophagy, a process whereby misfolded proteins 
and damaged organelles are broken down, providing nutrients and energy for cellular repair. In the HL-1 
cardiac cell line, Cav3 knockdown inhibits autophagy and worsens cell survival in response to IR, whereas 
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Cav3 overexpression stimulates the process and improves survival. Association between Cav3 and autophagy 
mediators has been shown [65]. Thus together there is a consensus that caveolae, Cav1 and Cav3 play 
protective roles against IR injury in the cardiac cell. 
5.2 Heart Failure 
Caveolae and caveolar protein expression change during heart failure (HF) progression but there is no 
coherent picture of these changes; this may be due in part to the range of experimental models used and 
time-points studied. Caveolae increase in a canine model of pacing-induced heart failure [66] and cluster in 
the peri-infarct zone of a pig myocardial infarction (MI) model [67]. By contrast, in mice 4 weeks after trans-
aortic constriction (TAC), surface membrane caveolar density is reduced [68] but Cav3-positive longitudinal 
elements of the t-tubular structure are increased [13]. In MI models, Cav3 expression (in both myocardial 
and isolated myocyte preparations) remains stable from 4-12 weeks, but increases at 16 weeks in the rat 
[69;70], whereas in the mouse Cav3 is elevated at 4 weeks, but returns to control levels by 8 weeks [13]. By 
contrast, in a rabbit model with aortic insufficiency, Cav3 expression is markedly reduced [42]. In human 
heart failure, a positive correlation between Cav3 and SERCA2A expression implies that heart failure severity 
is linked to loss of Cav3 expression [71]. Most studies have documented changes in Cav3 expression in HF, 
but a few have also assessed the subcellular distribution of the protein. For the rat MI model, an increase in 
Cav3 in Triton-soluble (i.e. non-caveolar) fractions at 4-16 weeks post-MI suggests dissociation of Cav3 from 
the membrane [69;70], although higher overall Cav3 expression at the later time-point ensures that caveolar 
Cav3 levels are preserved [69].  
Cav 3 has been highlighted as potential target for treating heart failure and there is general support for this 
view. Cav3 over-expression attenuates hypertrophy and prevents the fall in ejection fraction following TAC 
in the mouse [68]. In rat myocytes at 16 weeks post-D/ ? Ăǀ ? ŽǀĞƌĞǆƉƌĞƐƐŝŽŶ ƌĞƚƵƌŶƐ ƚŚĞ ĚŝĨĨƵƐĞ ɴ ?Z
response to a confined response [48]. Restoring Cav3 expression in myocytes from a rabbit model of failure 
ĂůƐŽ ƉĂƌƚŝĂůůǇ ƌĞǀĞƌƐĞĚ ƚŚĞ ĚŝĨĨƵƐĞ ɴ ?Z ƐŝŐŶĂůůŝŶŐ ĐŚĂƌĂĐƚĞƌŝƐƚŝĐ ŽĨ ƚŚĞ ĨĂŝůŝŶŐ ŵǇŽcyte [42]. What is 
particularly interesting about these data is that, even in experimental models when total Cav3 expression is 
increased (and caveolar Cav3 expression unchanged)[69], Cav3 overexpression partially reverses the 
changes characteristic of the failing state [48]. 
Less is known about the role of the cavin proteins in heart failure. Cardiomyopathy in the cavin 1 null mouse 
cannot be ascribed directly to loss of cavin 1 protein because of parallel loss of Cav1/3.  Cavin 4 was recently 
highlighted as a gene associated with dilated cardiomyopathy (DCM) [20], which fits with other data showing 
that those carrying mutations in cavin 4 develop heart failure at a relatively young age [19]. Conversely, 
although cavin 4 null mice have structurally and functionally normal hearts at baseline, they are protected 
from the hypertrophic response to ɲ1AR stimulation [24]. Little is known about changes in cavin expression 
during the progression of heart failure.  
6. Summary and future directions 
Within this field, some of the most exciting research to be published in recent years relates to the structure 
of the caveolar coat, particularly the outer filamentous cavin net. Although the vast majority of this work has 
been performed in non-cardiac cells, it has raised the profile of cavins as the labile component of caveolae, 
and suggests how mechanical stimuli and post-translational modifications may modify the cavin complex. 
dŚĞƌĞŝƐĂůƐŽƐƚƌŽŶŐĞǀŝĚĞŶĐĞƚŚĂƚĐĂǀĞŽůĂĞŽƌĐŚĞƐƚƌĂƚĞEKĂŶĚɴ ?ZƐŝŐŶĂůůŝŶŐŝŶƚŚĞĐĂƌĚŝĂĐĐell and these 
may, in turn, contribute to the phenotype of cardiac disease (e.g. heart failure) where Cav3 expression or 
distribution is perturbed. Given the size and shape of a caveola it should be noted how important recent 
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improvements in microscopy, which permit 3D imaging with high resolution, have been for the latest 
discoveries, and how these methods will play a significant role in future developments in the field. However, 
despite major advances, there are still many questions which remain unanswered. These include:  
x How important is the CSD-CBM interaction for caveolar control of signalling? Understanding caveolin-
protein interactions is essential for the design of therapeutic agents targeted specifically to the 
caveolar domain, see [44;46].  
x What is the relative expression of Cav1 and Cav3 in the cardiac cell; is there a degree of redundancy 
in the Cav1 role? 
x How are cavins arranged in the cardiac myocyte coat and what is the functional significance of the 
four isoforms in this setting? 
x How dynamic are caveolae with physiologically relevant stimuli?  
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Figure 1. Caveolae and the caveolin-cavin coat complex. Caveolae are invaginated lipid rafts, enriched in 
cholesterol (yellow). The left side of the caveola (main image) shows the complex which lines the bulb 
formed of an inner caveolin and outer cavin layer. The right side of the caveolae (main image) shows some 
proteins enriched in the caveolar domain in the cardiac myocyte: G-protein coupled receptors (GPCR) such 
ĂƐƚŚĞɴ ?ĂĚƌĞŶŽĐĞƉƚŽƌ ?ĞŶĚŽƚŚĞůŝĂůŶŝƚƌŝĐŽǆŝĚĞƐǇŶƚŚĞƐŝƐ ?ĞEK^ Z ?>-type Ca2+ channels (LTCC) and integrin 
ɴ ? ?/Ŷƚɴ ?D). ATPases such as EHD2 are found in the neck region of the caveola and control the dynamics 
of membrane invagination [33]. Caveolin (right insert, A) is an integral membrane protein which has 3 C-
terminal palmitoylation sites involved in membrane tethering and a 20-residue membrane proximal caveolin 
scaffolding domain (CSD) which may mediate some of its regulatory interactions. Caveolin forms oligomers 
with a sedimentation coefficient (S) of 8 [30]. B. Muscle-specific caveolin 3 is isolated as a doughnut-shaped 
disc of 9 caveolin molecules [31], viewed from the top (upper) and side (lower image). Cavins (left insert, C) 
form a 60S filamentous net which lines up with the edge of the polyhedral structure created by the caveolin 
discs [29].  D. Cavin trimers are the building blocks of the cavin net. Cavins have 2 helical regions (HR) flanked 
by disordered regions (DR). HR1 is responsible for trimer formation; trimers consist of two cavin 1 molecules 
with an additional cavin 1, 2 or 3 [26].  
  
12 
 
 
References 
 
 1.  Cheng JP, Nichols BJ: Caveolae: One Function or Many? Trends Cell Biol. 2016, 26:177-189. 
 2.  Rothberg KG, Heuser JE, Donzell WC, Ying YS, Glenney JR, Anderson RG: Caveolin, a protein 
component of caveolae membrane coats. Cell. 1992, 68:673-682. 
 3.  Busija AR, Patel HH, Insel PA: Caveolins and cavins in the trafficking, maturation, and degradation 
of caveolae: implications for cell physiology. Am.J.Physiol Cell Physiol 2017, 312:C459-C477. 
 4.  Kozera L, White E, Calaghan S: Caveolae act as membrane reserves which limit mechanosensitive 
I(Cl,swell) channel activation during swelling in the rat ventricular myocyte. PLoS.One. 2009, 
4:e8312. 
 5.  Head BP, Patel HH, Roth DM, Murray F, Swaney JS, Niesman IR, Farquhar MG, Insel PA: 
Microtubules and actin microfilaments regulate lipid raft/caveolae localization of adenylyl 
cyclase signaling components. J.Biol.Chem. 2006, 281:26391-26399. 
 6.  Patel HH, Tsutsumi YM, Head BP, Niesman IR, Jennings M, Horikawa Y, Huang D, Moreno AL, Patel 
PM, Insel PA, Roth DM: Mechanisms of cardiac protection from ischemia/reperfusion injury: a 
role for caveolae and caveolin-1. FASEB J. 2007, 21:1565-1574. 
 7.  Cho WJ, Chow AK, Schulz R, Daniel EE: Caveolin-1 exists and may function in cardiomyocytes. 
Can.J.Physiol Pharmacol. 2010, 88:73-76. 
 8.  Parat MO, Stachowicz RZ, Fox PL: Oxidative stress inhibits caveolin-1 palmitoylation and 
trafficking in endothelial cells. Biochem.J. 2002, 361:681-688. 
 9.  Monier S, Dietzen DJ, Hastings WR, Lublin DM, Kurzchalia TV: Oligomerization of VIP21-caveolin in 
vitro is stabilized by long chain fatty acylation or cholesterol. FEBS Lett. 1996, 388:143-149. 
 10.  Couet J, Li S, Okamoto T, Ikezu T, Lisanti MP: Identification of peptide and protein ligands for the 
caveolin-scaffolding domain. Implications for the interaction of caveolin with caveolae-associated 
proteins. J.Biol.Chem. 1997, 272:6525-6533. 
 11.  Calaghan S, White E: Caveolae modulate excitation-contraction coupling and beta2-adrenergic 
signalling in adult rat ventricular myocytes. Cardiovasc.Res. 2006, 69:816-824. 
 12.  Wong J, Baddeley D, Bushong EA, Yu Z, Ellisman MH, Hoshijima M, Soeller C: Nanoscale distribution 
of ryanodine receptors and caveolin-3 in mouse ventricular myocytes: dilation of t-tubules near 
junctions. Biophys.J. 2013, 104:L22-L24. 
 13.  Wagner E, Lauterbach MA, Kohl T, Westphal V, Williams GS, Steinbrecher JH, Streich JH, Korff B, 
Tuan HT, Hagen B, Luther S, Hasenfuss G, Parlitz U, Jafri MS, Hell SW, Lederer WJ, Lehnart SE: 
Stimulated emission depletion live-cell super-resolution imaging shows proliferative remodeling 
of T-tubule membrane structures after myocardial infarction. Circ.Res. 2012, 111:402-414. 
 14.*  Burton RABEA, Rog-Zielinska EA, Corbett AD, Peyronnet RPJ, Bodi I, Fink M, Sheldon J, Hoenger A, 
Calaghan S, Bub G, Kohl P: Caveolae in rabbit ventricular vardiomyocytes: Distribution and 
dynamic diminution after cell isolation. Biophys J 2017, [In Press]. 
13 
 
Capitalises on recent developments in 3D imaging to show caveolae-like structures in the t-tubules 
of the rabbit cardiac myocyte using EM tomography; this work suggests that Cav3 plays more than a 
scaffolding role in the t-tubules and is associated with invaginated membrane structures. 
 15.  Nichols CB, Rossow CF, Navedo MF, Westenbroek RE, Catterall WA, Santana LF, McKnight GS: 
Sympathetic stimulation of adult cardiomyocytes requires association of AKAP5 with a 
subpopulation of L-type calcium channels. Circ.Res. 2010, 107:747-756. 
 16.  Vinten J, Johnsen AH, Roepstorff P, Harpoth J, Tranum-Jensen J: Identification of a major protein 
on the cytosolic face of caveolae. Biochim.Biophys.Acta 2005, 1717:34-40. 
 17.*  Wypijewski KJ, Tinti M, Chen W, Lamont D, Ashford ML, Calaghan SC, Fuller W: Identification of 
caveolar resident proteins in ventricular myocytes using a quantitative proteomic approach: 
dynamic changes in caveolar composition following adrenoceptor activation. Mol.Cell Proteomics. 
2015, 14:596-608. 
First unbiased analysis of the proteome of the cardiac myocyte caveolae under basal and 
adrenoceptor (AR)- stimulated conditions. Identified 249 caveolar resident proteins and showed that, 
ǁŝƚŚ ƚŚĞ ĞǆĐĞƉƚŝŽŶ ŽĨ ĐĂǀŝŶƐ ? ƚŚĞ ĐĂǀĞŽůĂƌ ƉƌŽƚĞŽŵĞ ŝƐ ƌĞŵĂƌŬĂďůǇ ƐƚĂďůĞ ǁŝƚŚ ɲ- ĂŶĚ ɴ-AR 
stimulation. 
 18.  Rajab A, Straub V, McCann LJ, Seelow D, Varon R, Barresi R, Schulze A, Lucke B, Lutzkendorf S, 
Karbasiyan M, Bachmann S, Spuler S, Schuelke M: Fatal cardiac arrhythmia and long-QT syndrome 
in a new form of congenital generalized lipodystrophy with muscle rippling (CGL4) due to PTRF-
CAVIN mutations. PLoS.Genet. 2010, 6:e1000874. 
 19.  Rodriguez G, Ueyama T, Ogata T, Czernuszewicz G, Tan Y, Dorn GW, Bogaev R, Amano K, Oh H, 
Matsubara H, Willerson JT, Marian AJ: Molecular genetic and functional characterization implicate 
muscle-restricted coiled-coil gene (MURC) as a causal gene for familial dilated cardiomyopathy. 
Circ.Cardiovasc.Genet. 2011, 4:349-358. 
 20.  Nouhravesh N, Ahlberg G, Ghouse J, Andreasen C, Svendsen JH, Haunso S, Bundgaard H, Weeke PE, 
Olesen MS: Analyses of more than 60,000 exomes questions the role of numerous genes 
previously associated with dilated cardiomyopathy. Mol.Genet.Genomic.Med. 2016, 4:617-623. 
 21.  Bastiani M, Liu L, Hill MM, Jedrychowski MP, Nixon SJ, Lo HP, Abankwa D, Luetterforst R, 
Fernandez-Rojo M, Breen MR, Gygi SP, Vinten J, Walser PJ, North KN, Hancock JF, Pilch PF, Parton 
RG: MURC/Cavin-4 and cavin family members form tissue-specific caveolar complexes. J.Cell Biol. 
2009, 185:1259-1273. 
 22.  Taniguchi T, Maruyama N, Ogata T, Kasahara T, Nakanishi N, Miyagawa K, Naito D, Hamaoka T, 
Nishi M, Matoba S, Ueyama T: PTRF/Cavin-1 Deficiency Causes Cardiac Dysfunction Accompanied 
by Cardiomyocyte Hypertrophy and Cardiac Fibrosis. PLoS.One. 2016, 11:e0162513. 
 23.  Hansen CG, Shvets E, Howard G, Riento K, Nichols BJ: Deletion of cavin genes reveals tissue-
specific mechanisms for morphogenesis of endothelial caveolae. Nat.Commun. 2013, 4:1831. 
 24.  Ogata T, Naito D, Nakanishi N, Hayashi YK, Taniguchi T, Miyagawa K, Hamaoka T, Maruyama N, 
Matoba S, Ikeda K, Yamada H, Oh H, Ueyama T: MURC/Cavin-4 facilitates recruitment of ERK to 
caveolae and concentric cardiac hypertrophy induced by alpha1-adrenergic receptors. 
Proc.Natl.Acad.Sci.U.S.A 2014. 
14 
 
 25.  Naito D, Ogata T, Hamaoka T, Nakanishi N, Miyagawa K, Maruyama N, Kasahara T, Taniguchi T, 
Nishi M, Matoba S, Ueyama T: The coiled-coil domain of MURC/cavin-4 is involved in membrane 
trafficking of caveolin-3 in cardiomyocytes. Am.J.Physiol Heart Circ.Physiol 2015, 309:H2127-
H2136. 
 26.  Kovtun O, Tillu VA, Jung W, Leneva N, Ariotti N, Chaudhary N, Mandyam RA, Ferguson C, Morgan 
GP, Johnston WA, Harrop SJ, Alexandrov K, Parton RG, Collins BM: Structural insights into the 
organization of the cavin membrane coat complex. Dev.Cell 2014, 31:405-419. 
 27.  Mohan J, Moren B, Larsson E, Holst MR, Lundmark R: Cavin3 interacts with cavin1 and caveolin1 to 
increase surface dynamics of caveolae. J.Cell Sci. 2015, 128:979-991. 
 28.  Gambin Y, Ariotti N, McMahon KA, Bastiani M, Sierecki E, Kovtun O, Polinkovsky ME, Magenau A, 
Jung W, Okano S, Zhou Y, Leneva N, Mureev S, Johnston W, Gaus K, Hancock JF, Collins BM, 
Alexandrov K, Parton RG: Single-molecule analysis reveals self assembly and nanoscale 
segregation of two distinct cavin subcomplexes on caveolae. Elife. 2014, 3:e01434. 
29.**  Ludwig A, Nichols BJ, Sandin S: Architecture of the caveolar coat complex. J Cell Sci. 2016, 129: 
3077-3083 
The first description of the intact caveolar coat (in non-cardiac cells) showing an inner polyhedral 
caveolin cage surrounded by a filamentous cavin network. The size, shape and appearance of the 
coat is consistent with observations made in intact caveolae. Suggests relative lability of the cavin 
coat. 
30.** Stoeber M, Schellenberger P, Siebert CA, Leyrat C, Helenius A, Grunewald K: Model for the 
architecture of caveolae based on a flexible, net-like assembly of Cavin1 and Caveolin discs. 
Proc.Natl.Acad.Sci.U.S.A 2016, 113:E8069-E8078. 
Used EM approaches to study the caveolin and cavin coat separately. Showed disc-like caveolin 
oligomers which could represent the faces of the polyhedral caveolin complexes, and a polyhedral 
network of cavin filaments bound to phosphatidylserine containing vesicles. Reinforces findings of 
Ludwig et al. and highlights relative lability of outer cavin coat.  
 31.  Whiteley G, Collins RF, Kitmitto A: Characterization of the molecular architecture of human 
caveolin-3 and interaction with the skeletal muscle ryanodine receptor. J Biol Chem. 2012, 
287:40302-40316. 
 32.  Oh P, Horner T, Witkiewicz H, Schnitzer JE: Endothelin induces rapid, dynamin-mediated budding 
of endothelial caveolae rich in ET-B. J.Biol.Chem. 2012, 287:17353-17362. 
 33.  Hoernke M, Mohan J, Larsson E, Blomberg J, Kahra D, Westenhoff S, Schwieger C, Lundmark R: 
EHD2 restrains dynamics of caveolae by an ATP-dependent, membrane-bound, open 
conformation. Proc Natl.Acad.Sci.U.S.A 2017, 114:E4360-E4369. 
 34.  Byrne DP, Dart C, Rigden DJ: Evaluating caveolin interactions: do proteins interact with the 
caveolin scaffolding domain through a widespread aromatic residue-rich motif? PLoS.One. 2012, 
7:e44879. 
 35.  Collins BM, Davis MJ, Hancock JF, Parton RG: Structure-based reassessment of the caveolin 
signaling model: do caveolae regulate signaling through caveolin-protein interactions? Dev.Cell 
2012, 23:11-20. 
15 
 
 36.  Ariotti N, Fernandez-Rojo MA, Zhou Y, Hill MM, Rodkey TL, Inder KL, Tanner LB, Wenk MR, Hancock 
JF, Parton RG: Caveolae regulate the nanoscale organization of the plasma membrane to remotely 
control Ras signaling. J.Cell Biol. 2014, 204:777-792. 
 37.  Feron O, Balligand JL: Caveolins and the regulation of endothelial nitric oxide synthase in the 
heart. Cardiovasc.Res. 2006, 69:788-797. 
 38.  Kaakinen M, Reichelt ME, Ma Z, Ferguson C, Martel N, Porrello ER, Hudson JE, Thomas WG, Parton 
RG, Headrick JP: Cavin-1 deficiency modifies myocardial and coronary function, stretch responses 
and ischaemic tolerance: roles of NOS over-activity. Basic Res.Cardiol. 2017, 112:24. 
 39.  Harvey RD, Calaghan SC: Caveolae create local signalling domains through their distinct protein 
content, lipid profile and morphology. J.Mol.Cell Cardiol. 2012, 52:366-375. 
 40.  Agarwal SR, Macdougall DA, Tyser R, Pugh SD, Calaghan SC, Harvey RD: Effects of cholesterol 
depletion on compartmentalized cAMP responses in adult cardiac myocytes. J.Mol.Cell Cardiol. 
2011, 50:500-509. 
 41.  Macdougall DA, Agarwal SR, Stopford EA, Chu H, Collins JA, Longster AL, Colyer J, Harvey RD, 
Calaghan S: Caveolae compartmentalise beta2-adrenoceptor signals by curtailing cAMP 
production and maintaining phosphatase activity in the sarcoplasmic reticulum of the adult 
ventricular myocyte. J.Mol.Cell Cardiol. 2012, 52:388-400. 
 42.*  ĂƌďĂŐĂůůŽ& ?yƵ ?ZĞĚĚǇ'Z ?tĞƐƚd ?tĂŶŐY ?&ƵY ?>ŝD ?^ŚŝY ?'ŝŶƐďƵƌŐ<^ ?&ĞƌƌŝĞƌt ?/ƐŝĚŽƌŝD ?
EĂƌŽ& ?WĂƚĞů,, ?ŽƐƐƵǇƚ: ?ĞƌƐ ?yŝĂŶŐz< PGenetically Encoded Biosensors Reveal PKA 
Hyperphosphorylation on the Myofilaments in Rabbit Heart Failure. Circ.Res 2016, 119:931-943. 
Using a targeted sensor, this work shows that enhanced PKA activity at the myofilaments in a rabbit 
model of heart failure is associated with down-regulation of Cav3. These data fit with an established 
role for Cav3 in spatial cŽŶƐƚƌĂŝŶƚŽĨƚŚĞɴ ?Z-PKA and show that normalising Cav3 expression in a 
ĨĂŝůŝŶŐŵǇŽĐǇƚĞĐĂŶƌĞǀĞƌƐĞƚŚĞŝŵƉĂĐƚŽŶɴ ?ZƐŝŐŶĂůƉƌŽƉĂŐĂƚŝŽŶ ? 
 43.  Balijepalli RC, Foell JD, Hall DD, Hell JW, Kamp TJ: Localization of cardiac L-type Ca(2+) channels to 
a caveolar macromolecular signaling complex is required for beta(2)-adrenergic regulation. 
Proc.Natl.Acad.Sci.U.S.A. 2006, 103:7500-7505. 
 44.  Makarewich CA, Correll RN, Gao H, Zhang H, Yang B, Berretta RM, Rizzo V, Molkentin JD, Houser SR: 
A caveolae-targeted L-type Ca(2)+ channel antagonist inhibits hypertrophic signaling without 
reducing cardiac contractility. Circ.Res. 2012, 110:669-674. 
 45.  Fu Y, Westenbroek RE, Scheuer T, Catterall WA: Phosphorylation sites required for regulation of 
cardiac calcium channels in the fight-or-flight response. Proc.Natl.Acad.Sci.U.S.A 2013, 110:19621-
19626. 
46.*  ŽƌƌĞůůZE ?DĂŬĂƌĞǁŝĐŚ ?ŚĂŶŐ, ?ŚĂŶŐ ?^ĂƌŐĞŶƚD ?zŽƌŬ: ?ĞƌƌĞƚƚĂZD ?ŚĞŶy ?,ŽƵƐĞƌ^Z ?
Molkentin JD: Caveolae-localized L-type Ca2+ channels do not contribute to function or 
hypertrophic signalling in the mouse heart. Cardiovasc.Res. 2017.  
Used a genetically encoded inhibitor of the LTCC (Rem protein) targeted to caveolar domains through 
ƚŚĞĐĂǀĞŽůŝŶďŝŶĚŝŶŐŵŽƚŝĨ ?D ZƚŽƐĞůĞĐƚŝǀĞůǇŝŶŚŝďŝƚɴ ?ZƐƚimulation of the channel. An example 
of how molecules could be selectively targeted to caveolae for therapeutic purposes (but note 
concerns about the CSD-CBM interaction). 
16 
 
 47.  Bryant S, Kimura TE, Kong CH, Watson JJ, Chase A, Suleiman MS, James AF, Orchard CH: Stimulation 
of ICa by basal PKA activity is facilitated by caveolin-3 in cardiac ventricular myocytes. J.Mol.Cell 
Cardiol. 2014, 68:47-55. 
 48.  Wright PT, Nikolaev VO, O'Hara T, Diakonov I, Bhargava A, Tokar S, Schobesberger S, Shevchuk AI, 
Sikkel MB, Wilkinson R, Trayanova NA, Lyon AR, Harding SE, Gorelik J: Caveolin-3 regulates 
compartmentation of cardiomyocyte beta2-adrenergic receptor-mediated cAMP signaling. 
J.Mol.Cell Cardiol. 2014, 67:38-48. 
 49.  Kogo H, Ito SY, Moritoki Y, Kurahashi H, Fujimoto T: Differential expression of caveolin-3 in mouse 
smooth muscle cells in vivo. Cell Tissue Res. 2006, 324:291-300. 
 50.  Ortegren U, Yin L, Ost A, Karlsson H, Nystrom FH, Stralfors P: Separation and characterization of 
caveolae subclasses in the plasma membrane of primary adipocytes; segregation of specific 
proteins and functions. FEBS J. 2006, 273:3381-3392. 
 51.  Sampson LJ, Hayabuchi Y, Standen NB, Dart C: Caveolae localize protein kinase A signaling to 
arterial ATP-sensitive potassium channels. Circ.Res. 2004, 95:1012-1018. 
 52.  Groulx N, Boudreault F, Orlov SN, Grygorczyk R: Membrane reserves and hypotonic cell swelling. 
J.Membr.Biol. 2006, 214:43-56. 
 53.  Kohl P, Cooper PJ, Holloway H: Effects of acute ventricular volume manipulation on in situ 
cardiomyocyte cell membrane configuration. Prog.Biophys.Mol.Biol. 2003, 82:221-227. 
 54.  Sinha B, Koster D, Ruez R, Gonnord P, Bastiani M, Abankwa D, Stan RV, Butler-Browne G, Vedie B, 
Johannes L, Morone N, Parton RG, Raposo G, Sens P, Lamaze C, Nassoy P: Cells respond to 
mechanical stress by rapid disassembly of caveolae. Cell 2011, 144:402-413. 
 55.  Israeli-Rosenberg S, Chen C, Li R, Deussen DN, Niesman IR, Okada H, Patel HH, Roth DM, Ross RS: 
Caveolin modulates integrin function and mechanical activation in the cardiomyocyte. FASEB J. 
2015, 29:374-384. 
 56.  Scotcher J, Prysyazhna O, Boguslavskyi A, Kistamas K, Hadgraft N, Martin ED, Worthington J, Rudyk 
O, Rodriguez CP, Cuello F, Shattock MJ, Marber MS, Conte MR, Greenstein A, Greensmith DJ, 
Venetucci L, Timms JF, Eaton P: Disulfide-activated protein kinase G Ialpha regulates cardiac 
diastolic relaxation and fine-tunes the Frank-Starling response. Nat.Commun. 2016, 7:13187. 
 57.*  Yang L, Scarlata S: Super-resolution Visualization of Caveola Deformation in Response to Osmotic 
Stress. J.Biol.Chem. 2017, 292:3779-3788. 
Applied super-resolution methods (STORM) to show that, although caveolae flatten with moderate 
osmotic stress, the integral caveolin coat is not lost. This work supports the stability of the inner layer 
of the caveolar coat complex in response to mechanical stimuli. 
 58.  Hausenloy DJ, Yellon DM: Ischaemic conditioning and reperfusion injury. Nat.Rev.Cardiol. 2016, 
13:193-209. 
 59.  Ballard-Croft C, Locklar AC, Kristo G, Lasley RD: Regional myocardial ischemia-induced activation of 
MAPKs is associated with subcellular redistribution of caveolin and cholesterol. Am.J.Physiol 
Heart Circ.Physiol 2006, 291:H658-H667. 
17 
 
 60.  Tsutsumi YM, Horikawa YT, Jennings MM, Kidd MW, Niesman IR, Yokoyama U, Head BP, Hagiwara 
Y, Ishikawa Y, Miyanohara A, Patel PM, Insel PA, Patel HH, Roth DM: Cardiac-specific 
overexpression of caveolin-3 induces endogenous cardiac protection by mimicking ischemic 
preconditioning. Circulation 2008, 118:1979-1988. 
 61.  Garcia-Nino WR, Correa F, Rodriguez-Barrena JI, Leon-Contreras JC, Buelna-Chontal M, Soria-Castro 
E, Hernandez-Pando R, Pedraza-Chaverri J, Zazueta C: Cardioprotective kinase signaling to 
subsarcolemmal and interfibrillar mitochondria is mediated by caveolar structures. Basic 
Res.Cardiol. 2017, 112:15. 
 62.  Chow AK, Cena J, El-Yazbi AF, Crawford BD, Holt A, Cho WJ, Daniel EE, Schulz R: Caveolin-1 inhibits 
matrix metalloproteinase-2 activity in the heart. J.Mol.Cell Cardiol. 2007, 42:896-901. 
 63.  Flick M, Albrecht M, Oei GT, Steenstra R, Kerindongo RP, Zuurbier CJ, Patel HH, Hollmann MW, 
Preckel B, Weber NC: Helium postconditioning regulates expression of caveolin-1 and -3 and 
induces RISK pathway activation after ischaemia/reperfusion in cardiac tissue of rats. 
Eur.J.Pharmacol. 2016, 791:718-725. 
 64.  Fridolfsson HN, Kawaraguchi Y, Ali SS, Panneerselvam M, Niesman IR, Finley JC, Kellerhals SE, Migita 
MY, Okada H, Moreno AL, Jennings M, Kidd MW, Bonds JA, Balijepalli RC, Ross RS, Patel PM, 
DŝǇĂŶŽŚĂƌĂ ?ŚĞŶY ?>ĞƐŶĞĨƐŬǇ: ?,ĞĂĚW ?ZŽƚŚD ?/ŶƐĞůW ?Watel HH: Mitochondria-localized 
caveolin in adaptation to cellular stress and injury. FASEB J. 2012, 26:4637-4649. 
 65.  <ĂƐƐĂŶ ?WŚĂŵh ?EŐƵǇĞŶY ?ZĞŝĐŚĞůƚD ?ŚŽ ?WĂƚĞůWD ?ZŽƚŚD ?,ĞĂĚW ?WĂƚĞů,, PCaveolin-
3 plays a critical role in autophagy after ischemia-reperfusion. Am.J.Physiol Cell Physiol 2016, 
311:C854-C865. 
 66.  Hare JM, Lofthouse RA, Juang GJ, Colman L, Ricker KM, Kim B, Senzaki H, Cao S, Tunin RS, Kass DA: 
Contribution of caveolin protein abundance to augmented nitric oxide signaling in conscious dogs 
with pacing-induced heart failure. Circ.Res. 2000, 86:1085-1092. 
 67.  Pinali C, Malik N, Davenport B, Bennet H, Holt C, Kitmitto A: 3-D electron microscopy shows 
structure and distribution of caveolae in health and disease [abstract]. Proc Physiol Soc 2016, 
37:SA034. 
 68.  Markandeya YS, Phelan LJ, Woon MT, Keefe AM, Reynolds CR, August BK, Hacker TA, Roth DM, 
Patel HH, Balijepalli RC: Caveolin-3 Overexpression Attenuates Cardiac Hypertrophy via Inhibition 
of T-type Ca2+ Current Modulated by Protein Kinase Calpha in Cardiomyocytes. J.Biol.Chem. 2015, 
290:22085-22100. 
 69.*  Schobesberger S, Wright P, Tokar S, Bhargava A, Mansfield C, Glukhov AV, Poulet C, Buzuk A, 
Monszpart A, Sikkel M, Harding SE, Nikolaev VO, Lyon AR, Gorelik J: T-tubule remodelling disturbs 
localised beta2-adrenergic signalling in rat ventricular myocyte during the progression of heart 
failure. Cardiovasc.Res. 2017. 
The first comprehensive longitudinal study of Cav3 changes in a rodent model of heart failure reveals 
complex changes in caveolin expression and localisation in the cardiac cell. These data highlight the 
need for detailed analysis of the caveolar role in heart failure progression. 
 70.  Ratajczak P, Damy T, Heymes C, Oliviero P, Marotte F, Robidel E, Sercombe R, Boczkowski J, 
Rappaport L, Samuel JL: Caveolin-1 and -3 dissociations from caveolae to cytosol in the heart 
during aging and after myocardial infarction in rat. Cardiovasc.Res. 2003, 57:358-369. 
18 
 
 71.  Feiner EC, Chung P, Jasmin JF, Zhang J, Whitaker-Menezes D, Myers V, Song J, Feldman EW, 
Funakoshi H, DeGeorge BR, Jr., Yelamarty RV, Koch WJ, Lisanti MP, McTiernan CF, Cheung JY, 
Bristow MR, Chan TO, Feldman AM: Left ventricular dysfunction in murine models of heart failure 
and in failing human heart is associated with a selective decrease in the expression of caveolin-3. 
J.Card Fail. 2011, 17:253-263. 
 
 
 
 
 
